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Abstract
A metamobilome is deﬁned as a metagenome of circular genetic elements within a certain community. Metagenomic analyses of plas-
mids provide insights into the composition and structure of environmental plasmid communities. It is a promising method that will pro-
vide information about the types of plasmids that are present within environmental samples, and will give overviews about occurrences
of plasmids as well as accessory genetic elements carried on these plasmids. A metamobilome library was constructed by combining
multiple displacement ampliﬁcation with pyrosequencing. This method provided a fast, efﬁcient and unbiased strategy to investigate the
communal gene pool of circular genetic elements (the metamobilome). We compared our wastewater metamobilome library with a
wastewater metagenome library, against chromosomes, plasmids, phages and IS element databases, respectively. This showed that very
few strictly chromosomal reads were present in our metamobilome library. Furthermore, data analysis showed that our library was
strongly enriched for genes encoding plasmid-selﬁsh traits, such as stability and conjugation, and most strikingly several hundred new
putative plasmid replicases have been recovered.
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Introduction
The current ‘omics’ revolution, fuelled by more than half a
decade of developments within ultra-high-throughput
sequencing, is contributing enormous amounts of information
related to microbial ecology, hitherto uncultured or uncul-
turable strains, as well as the dynamics of gene expression
and metabolic processes within even highly complex environ-
mental communities. Although several studies have focused
on elucidating the diversity of viral organisms (i.e. bacterio-
phages) and their contribution to community structure and
horizontal gene transfer in environmental samples [1], the
similar contribution of plasmids in situ has so far gone largely
ignored. Conjugative plasmids are particularly well known
mediators of gene transfer over large taxonomic distances,
and are important for genome evolution and rapid adaptation
to changing local environmental conditions. This was further
emphasized by a recent bioinformatics study, which pointed
to a signiﬁcant proportion of genes in nature being conﬁned
within a discrete ‘super-pool’ of plasmid-borne genes that
only occasionally enters chromosomes, most probably
through recombination events [2]. This pool has often in the
past been alluded to as ‘the horizontal gene pool’ or, more
recently, ‘the communal gene pool’ [3]. A comprehensive
overview of communal pools of genomic information can be
crucial, because they in fact represent reservoirs from which
bacterial cells within a community can draw in order to
acquire new metabolic and survival capabilities. The experi-
ences with genes conferring antibiotic resistance [4], the deg-
radation of environmental contaminants [5,6] and the
adaptation of microorganisms to stress, all strongly support
this idea of short-term gene ﬂow [7]. Hence, focused
sequencing of mobile genetic elements in situ will enable us
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to provide a more detailed and much needed mechanistic
framework for bacterial adaptation.
Although several factors might have contributed to the
apparent lack of research in this area, the most glaring
limitation seems to be that plasmids only propagate within
the cellular conﬁnes of their hosts and hence, unlike virus
particles, they cannot be separated by gradual ﬁltering
steps like those performed routinely in most marine samples.
Although it is likely that every single extra-chromosomal
element within an environment can be sequenced through
more traditional metagenomic sequencing (if gigabases are
sequenced rather than megabases), the proportion
between chromosomal and extra-chromosomal genomes
will always remain hugely in favour of chromosomes (at
any sequencing depth) without prior treatments to the
sampled DNA. Consequently, looking through metagenomic
data for extra-chromosomal elements can be a tedious
task. Despite many efﬁcient bioinformatic methods avail-
able, there are still reasons why a prior physical separation
of extra-chromosomal DNA might be preferable (and
affordable). This will offer the possibility of only sequenc-
ing the extra-chromosomal pool of DNA instead of the
full metagenome, which vastly increases the chance of
sequencing particular plasmids of interest in their entirety.
It allows the appointment of putative genes into the com-
munal gene pool even where sequences cannot be assem-
bled into larger contigs. Furthermore, signiﬁcant changes
to the community, over time or chemical gradients, might
only happen at the extra-chromosomal level, e.g. through
the extinction, sudden emergence or dominance of partic-
ular plasmids [8]. Producing full metagenomes for each
instance might therefore leave the researcher with masses
of redundant data.
Methods summary
The most direct way of separating extra-chromosomal ele-
ments from their host’s chromosomes is by submitting the
microbial cell fraction of a sample (1.0–10.0 lM, thus remov-
ing bacteriophages and eukaryotes) to alkaline lysis, followed
by size-dependent DNA separation methods such as ultra-
centrifugation or column-based binding assays. The ﬁrst study
to describe such a plasmid metagenome isolation procedure
was published in 2008 by Schlu¨ter et al. and involved pooled
culturable bacteria that had undergone several different anti-
biotic selections [9,10]. Because the procedure involved a
pre-enrichment for antibiotic resistance, the isolated plas-
mids are not representative of the total pool of plasmids.
Many commercial kits are available for large-scale plasmid
puriﬁcation, which should be directly applicable to entire nat-
ural bacterial communities without such pre-enrichments. To
ensure minimal contamination from chromosomal fragments,
one should perform subsequent sample treatments, e.g. by
digesting linear DNA with ATP-dependent exonucleases. If
the remaining portion of DNA is deemed insufﬁcient for
sequencing purposes, it is possible to amplify samples with
whole genome ampliﬁcation as often seen in single-cell
genomics [11]. In the present study, we describe a method
for conducting focused investigations of the communal gene
pool of circular genetic elements (the metamobilome) within
wastewater and other environmental samples, using 454
high-throughput sequencing. A wastewater sample was
obtained from a Danish sludge treatment plant; it was sedi-
mented for half an hour and the supernatant was collected
after centrifugation. Then, we isolated the metamobilome
using the Plasmid mini AX kit (A&A Biotechnology),
removed sheared genomic and linear plasmid fragments by
treating with Plasmid-Safe ATP-Dependent DNase (Epicen-
tre), subsequently ampliﬁed with u29 DNA polymerase and
sequenced the remaining metaplasmid DNA. The method
involves an isolation procedure that favours plasmid-sized
circular genomes in combination with exonuclease digestion
and multiple displacement ampliﬁcation steps [12] to ensure
optimal amounts of plasmid DNA (micrograms) for sequenc-
ing. With this method, traditional selection biases are
avoided, while at the same time an overall sample richness
largely unachievable through conventional isolation methods
is provided.
Results summary
Sequencing of a metamobilome from a large wastewater
sample on the 454 Genome Sequencer FLX Titanium yielded
almost 200 000 sequencing reads with an average length of a
little under 300 bp, corresponding to 54 Mbases of high qual-
ity sequence data.
We performed BLAST searches of our wastewater meta-
mobilome and a wastewater metagenome of similar size
downloaded from the CAMERA database (http://camera.
calit2.net) against chromosomes, plasmids and phages
downloaded from the NCBI GenBank and IS elements down-
loaded from the IS Finder Database (Fig. 1). This showed
that very few strictly chromosomal reads were present
in our metamobilome, especially compared with the full
metagenome.
Furthermore, MEGAN analysis of BLAST results was used
to visualize the taxonomic distributions of BLAST hits
(Fig. 2), which showed a strong representation of plasmid
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sequences within the phyla Actinobacteria, Proteobacteria
and Cyanobacteria (i.e. plasmids originally isolated from
these), while strictly chromosomal reads seemed to be more
strongly represented within Bacteroides and Firmicutes, per-
haps demonstrating a weaker representation of plasmids
within these phyla in the database.
About 80% of the wastewater metamobilome reads
could be assembled (using Mira) into almost 7000 contigs
with a mean size of 671 bp (the largest contig being
>5 kb). Homology searches identiﬁed several contigs as
completely overlapping fully sequenced small plasmids
(<10 kb), even though only 5% of the original metamobilo-
me reads were recruited to existing plasmid genomes with
high homology. The resulting encoded protein sequences
showed a strong enrichment for genes encoding plasmid-
selﬁsh traits (replication, stability, conjugation); most strik-
ingly several hundred (partial or whole) new putative
plasmid replicases have been recovered. The chance of
ﬁnding a replicase gene in the metamobilome is more than
a 100 times higher than in the normal wastewater metage-
nome. The metamobilome was also abundant in genes
containing DNA binding mechanisms and, to a lesser
degree, mobilization genes.
Concluding remarks
The results presented in this study indicate that the chosen
method was successful in providing pure community DNA
dominated by genomic sequences that originate from the
communal gene pool of a wastewater sample. The discovery
of several new kinds of plasmid-selﬁsh genes strongly indi-
cates that environmental mobilomes have remained largely
untapped and that many new discoveries can be made by
conducting studies directly focused on mobilomes. The meta-
mobilome isolation technique, however, is still not fully opti-
mized, as both the exonuclease digestion step and the
subsequent whole genome ampliﬁcation step will tend to
favour mostly smaller and un-nicked plasmids. This is
reﬂected by an apparent high abundance of mostly smaller
mobilizable plasmids (<10 kb) in this metamobilome, (not
shown) and because large plasmids encoding mate-pair for-
mation mechanisms (type IV secretion system) seemed to be
rare at this sequencing depth. Furthermore, the uneven
ampliﬁcation rates indicate that the reconstruction of com-
plete small plasmid genomes will be considerably easier than
for larger ones.
Further studies
To overcome ampliﬁcation bias, another ‘large’ metamo-
bilome library focused on large size plasmids (>10 kb) will be
built and pyrosequenced in a future study. With a much
FIG. 1. Relative read recruitment of a wastewater metamobilome
(top: this study) and a wastewater metagenome (bottom: Mallard
Creek, University of North Carolina, Anthony Fordor, downloaded
from the Camera Database at http://camera.calit2.net) from BLAST
searches against existing bacterial, plasmid and phage genomes pres-
ent in the NCBI RefSeq database (IS element sequences were down-
loaded from http://www-is.biotoul.fr/).
FIG. 2. MEGAN analysis demonstrating taxonomic assignment of
BLAST hits of the wastewater metamobilome to NCBI databases.
Reads assigned to plasmid genomes are shown in green, and reads
assigned to chromosomes are shown in yellow.
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deeper sequencing, it is possible that longer contigs from
large plasmids can be assembled and can be used to ﬁnd a
diversity of degradation pathways, like naphthalene degrada-
tion genes in catabolic IncP-9 plasmid [13]. Furthermore,
new types of cloning vectors or molecular tools can be syn-
thesized based on new knowledge from metamobilome or
‘large’ metamobilome databases.
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